Spectra of circularly polarized harmonics is calculated by numerically solving the TimeDependent Schrödinger Equation for a 2D model of Ne atom using circularly polarized fundamental with counter-rotating second harmonic laser fields. We demonstrate strong asymmetry between left-and right-circularly polarized harmonics when a ground state with p-type symmetry is used. It arises due to the circular polarization of individual attosecond pulses in the generated pulse train. Reducing the length of the counter-rotating drivers and introducing a small time-shift between them allows to generate a single elliptically polarized attosecond pulse.
from controlling the polarization of individual harmonics to controlling the polarization of isolated attosecond pulses looked far from straightforward.
Indeed, the driving field dictates that the direction of electron return rotates by 120 0 three times per cycle. Consequently, recombination with an s-state yields three linearly polarized attosecond bursts per cycle, with polarization rotating by 120 0 from burst to burst [29] . Thus, while each harmonic is circularly polarized, the same does not apply to their superposition.
This can also be seen in the frequency domain. The harmonic lines are at energies (n+1)ω +2nω = (3n+1)ω and nω +(n+1)2ω = (3n+2)ω. In centrally symmetric medium, and for circularly polarized driving fields, the selection rules dictate that the Ω = (3n + 1)ω line has the same circularity as the fundamental while the Ω = (3n + 2)ω line has the same circularity as the second harmonic, (Ω = nω + 2nω = 3nω is parity forbidden) [31, 32, 35, 36, 40, 41] . Thus, the harmonics have alternating helicity. Adding harmonics of alternating helicity with equal intensity yields an attosecond pulse train where each subsequent pulse has linear polarization rotated by 120 0 , in concert with the time domain picture.
Suppressing every second allowed harmonic line, e.g. Ω (3n+2) = (3n + 2)ω, would solve the problem of generating individual attosecond pulses with circular polarization. O. Kfir et. al. [36] suggested that such suppression can be achieved by optimizing the phasematching conditions in gas-filled hollow fiber and reported substantial suppression of the lines Ω (3n+2) = (3n + 2)ω.
First, we show that relative intensities of the counter-rotating harmonic lines strongly depend on the orbital momentum of the initial state. For an initial p-state (as for a Neon , Argon, or Krypton gas), the harmonics co-rotating with the fundamental field can be much stronger then those co-rotating with the second harmonic. The effect is found with the contribution of both degenerate sub-levels, p+ and p−, included in the calculation. As a result, circularly polarized attosecond pulses are generated already at the microscopic, single-atom level, see Fig. 1 . Additional help from phase-matching is a bonus, but not necessary.
Second, we extend the scheme to generation of isolated attosecond pulses. We show that when the counter-rotating driving pulses become relatively short, e.g. 7-8 fs for the 800 nm driver and its second harmonic, one can generate an isolated attosecond pulse, or a controllable train with 2 or 3 pulses, by tuning the time delay between the fundamental and the second harmonic.
To demonstrate these effects, we numerically solve the time dependent Schröedinger equation (TDSE) for a 2D Neon-like model atom, for counter-clockwise (+) polarized fundamental and clockwise (-) polarized second harmonic. We show that the harmonics generated from orbitals with m= ±1 differ from those generated from s orbitals in two important ways. Firstly, the height of the adjacent left-and right-circularly polarized harmonics can differ by an order of magnitude, with m= 1 state favouring harmonics co-rotating with fundamental and m= −1 state favouring harmonics co-rotating with 2ω field. Secondly, once the two contributions are added coherently, + polarization continues to dominate in a broad spectral range, leading to highly elliptic circularly polarized attosecond pulse train already at the single-atom level. Our findings are in accord with [36] (see Ne spectra in Fig. 3 of [36] ), where such disparity was attributed to phase matching.
We solve the (TDSE) in the length gauge (atomic units are used throughout unless stated otherwise):
The 2D model potential is taken from [42] 
where Z(r) = 1 + 9 exp(−r 2 ) and a = 2.88172 to obtain the ionization potential of Ne atom I p = 0.793 a.u. for the 2p orbitals. The 1s state has an energy E 1s = −2.952 a.u. and the 2s energy is E 2s = −0.217 a.u.. For reference calculations we use 1s as the initial state but keep the same ionization potential taking Z(r) = 1 and a = 0.1195.
The laser electric field is
where f (t) is the trapezoidal envelope with 2 cycle rising and falling edges and 5 cycle plateau (in units of fundamental). The ω-field rotates counter-clockwise (+). The second harmonic rotates clockwise (-).
The TDSE is propagated on a 2D Cartesian grid using Taylor-series propagator with expansion up to 8th order [43] . A complex absorbing potential with η = 5 × 10 −4 and n = 3 is used to avoid non-physical reflections from the boundary.
Other simulation parameters are summarized in Table I .
Convergence was tested with respect to the absorbing potential, the time step and the spatial grid. Note that HHG in bicircular fields is dominated by very short trajectories [28] .
The initial wavefunctions were obtained using imaginary time propagation filtering out the ground state wavefunction to obtain p x and p y orbitals. The p ± states are defined as p ± =p x ± i p y . The laser intensity was kept such as not to exceed 5% ionization and to avoid strong shifts and mixing of the degenerate atomic orbitals described in [42] . The spectra were obtained by performing the Fourier transform of the time-dependent dipole acceleration, evaluated at every 0.5 a.u.
The results are robust with the variation of the pulse length, the shape and length of its rising and falling edges, laser intensity, and wavelength: we performed calculations from λ = 600 nm up to λ = 1200 nm. Fig 1(a) shows reference spectra obtained for 1s initial state of the model potential with I p of Neon. It agrees well with previously published results [28, 32, 35, 36] , the harmonics come in pairs (n + 1)ω + n2ω = (3n + 1)ω and nω + (n + 1)2ω = (3n + 2)ω of similar heights.
The left harmonic in the pair has the same polarization as the fundamental field, the right harmonic follows the 2ω driver. The harmonics 3nω are parity forbidden.
Figures 1b and 1c show spectra for the p + and p − initial states. For the p + initial state, the harmonics that have the same polarization as the driving IR field are preferred.
For the p − initial state, the harmonics with the same polarization as the 2ω driver are stronger. There are additional spectral variations in the plateau region, different for p + and p − orbitals. There is also a qualitative difference between the below-threshold (<I p ) and above-threshold (>I p ) harmonics, showing that the evolution of the photoelectron in the continuum is critical for the observed propensity in the harmonic strengths. The sub-cycle dynamics of the emission process was analyzed using the Gabor Transform (GT) [44] of the time-dependent acceleration dipoles a(t):
where we have chosen T = 1/3ω. The reference spectrograms for the 1s initial state in Figures 2a and 2b show the time-dependent intensity (a) and ellipticity (b) for time-resolved spectra, in the regions where spectral amplitudes are significant. As expected, there are 3 radiation bursts per ω cycle with linear polarization, as predicted in [28, 29, 32] . Application of bi-circular fields is naturally extended from the generation of an attosecond pulse train to the generation of an isolated attosecond pulse, using short driving pulses and changing the time-delay between them. Indeed, the harmonic emission driven by circular fields is only possible when the two counter-rotating circular pulses overlap. Given high nonlinearity of the overall process (including ionization), it will be limited to the temporal window where the two driving pulses overlap with nearly equal and high intensity. This idea is tested in Fig. 3 , which shows time-resolved spectrograms and ellipticity of the emitted light for λ = 800 nm and 400 nm counter-rotating drivers with base-to-base duration of 8 fs and sin 2 envelope (3 ω field cycles), for two different time delays. In case of perfect overlap, 3 attosecond pulses are generated. Delaying the low-frequency driving pulse by 2 fs ( 3 4 of ω field period) yields a single attosecond pulse with highly elliptic polarization.
What is the physical origin of the HHG sensitivity to the angular momentum of the initial state? The energy and angular momenta that the electron accumulates from the laser field while propagating in the continuum is transferred to the harmonic photon upon recombination. The matrix elements associated with recombination are the complex conjugate of the photoionization matrix elements. In 2D one photon ionization with the field co-rotating with the initial state is much more likely than with counter-rotating field. This is a direct analogue of Fano-Bethe propensity rules [45] and is also the case for Rydberg states co-rotating and counter-rotating with the field [46, 47] .
Consider the harmonic spectra from p + orbital. The right circularly polarized harmonics result from the (n + 1)ω + n2ω pathway. The recombination step is conjugated to photoionization from p + state with a co-rotating field, favoured by the propensity rules. The left-circularly polarized harmonics result from the nω + (n + 1)2ω pathway. The recombination step is conjugated to photo-ionization from p + state with a counter-rotating field, dis-favoured by the propensity rules. This explains the relative heights of the harmonic pairs for the p + initial state. The same analysis explains why harmonics co-rotating with 2ω field are preferred for the p − initial state.
But why is p + dominant over p − ? The answer lies in the stronger effect of the lowerfrequency (counter-clockwise) field on the continuum electron, which leads to higher population of the continuum states with positive angular momentum than with the negative one.
The more probable recombination from such states is to the p + state, by emitting light with counter-clockwise polarization.
Finally, we comment on the importance of the carrier-envelope phase (CEP) stabilization in this scheme. As long as the relative phase between the two pulses, ω and 2ω, is locked, changing the CEP will rotate the polarization ellipse of the attosecond pulse but will not alter its high ellipticity. This property, in combination with the possibility of using relatively routine durations of the two driving pulses, makes the scheme extremely attractive for practical implementation. 
